Introduction {#s1}
============

Tuberculosis (TB) is one of the leading causes of adult deaths attributable to a single infectious agent in humans. The World Health Organization (WHO) has estimated that 8.7 million new TB cases and 1.4 million deaths occurred in 2011 [@pone.0074082-WHO1]. Standard treatment of pulmonary TB through Directly Observed Therapy, Short-Course (DOTS) consists of a 2-month, intensive phase with 4 antibiotics: isoniazid (INH), rifampicin (RIF), ethambutol (EMB) and pyrazinamide (PZA) followed by a 4-month continuation phase with INH plus RIF [@pone.0074082-Mitchison1]. Sputum culture conversion to negative culture after 2 months of standard DOTS therapy has been shown to correlate with non-relapsing cure and is commonly used as a predictor of response to therapy [@pone.0074082-IUATLD1]--[@pone.0074082-Wallis1]. However, sputum culture conversion at 2 months is not always predictive of cure in individual patients [@pone.0074082-Benator1], [@pone.0074082-Johnson1]. Moreover, sputum culture status is not applicable in the context of extra-pulmonary disease [@pone.0074082-Sharma1]. These limitations emphasize the need for additional surrogate biomarkers of response to TB treatment. Consequently, current clinical research efforts are underway to define host biomarkers, including a number of serum markers that are predictive of response to treatment and/or clinical outcome [@pone.0074082-DeGroote1]--[@pone.0074082-DjobaSiawaya1]. In a recent study on the impact of DOTS on plasma markers in HIV infected and uninfected TB patients, we observed that among 24 molecules evaluated, a significant reduction in the concentrations of IP-10 and VEGF was noted in both patient groups. In addition, striking fluctuations in the concentration of IL-1β, IL-6, IL-1RA, IL-15, IL-17, TNF-α, Eotaxin, FGF-basic and GM-CSF were observed after 2 months of therapy, the point at which treatment shifted from the intensive four-drug phase to the continuation phase with RIF and INH only [@pone.0074082-Riou1]. As an explanation of these findings, we hypothesized that the removal of PZA and/or EMB from therapy at this time may have contributed to the observed changes in cytokine/chemokine levels in TB patient plasma. Interestingly, a recent in vitro study found that PZA treatment of *Leishmania major*-infected murine cells, including J774 cell line, primary mouse macrophages or bone marrow dendritic cells, induced the up-regulation of cytokines [@pone.0074082-Mendez1]. Thus, in the present study, we tested our hypothesis by exploring the ability of PZA to modulate the host immune response during Mtb infection. Using both in vitro (human monocytes) and in vivo (mouse) Mtb-infection systems, we investigated whether PZA treatment can influence the host immune response, thus potentially contributing to the observed patterns of cytokine/chemokine in the serum of TB patients in response to treatment. Results from our in vitro cytokine measurements and genome-wide transcription analysis of Mtb-infected mouse lungs suggest that PZA treatment modulates the host immune response to Mtb infection by reducing pro-inflammatory cytokine production, probably through an NF-kB-dependent pathway.

Materials and Methods {#s2}
=====================

Ethics statement {#s2a}
----------------

The UMDNJ Institutional Review Board (IRB) determined that the use of blood (buffy coat) for the in vitro study was exempt (IRB \# 0120110022). The animal experiments were conducted as per the Animal Welfare Act guidelines for housing and care of laboratory animals and performed in accordance with the Public Health Service Policy Institutional regulations. Approval for mouse studies was obtained from the Institutional Animal Care and Use Committee (IACUC) at UMDNJ (Approval ID; 071D0810).

Reagents {#s2b}
--------

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise stated. Stock solutions of PZA were freshly prepared in distilled water, filtered (0.22 µm) and diluted in cell culture media. PZA was used at final concentrations of 10, 50, 100, 200 and 400 µg/ml for in vitro experiments. TLR agonists, Pam2CSK4 (TLR2/6) and Pam3CSK4 (TLR2/1) (InvivoGen, San Diego, CA) were used at a final concentration of 250 ng/ml and LPS (TLR4) was used at 100 ng/ml, as described earlier [@pone.0074082-Sinsimer1].

Bacterial culture {#s2c}
-----------------

Mtb clinical strains (CDC1551 and HN878) were grown in Middlebrook 7H9 medium supplemented with oleic acid albumin dextrose catalase (OADC) enrichment (Difco BD, Franklin Lakes, NJ), 0.5% glycerol and 0.05% Tween 80 (Sigma-Aldrich, St. Louis, MO) at 37°C to logarithmic phase (OD~540~ =  0.6--0.7) and stocks were prepared as previously described [@pone.0074082-Manca1]. The numbers of viable mycobacteria were evaluated using the colony forming units (CFU) assay [@pone.0074082-Manca1].

Human monocyte infections {#s2d}
-------------------------

Buffy coats from anonymous healthy donors were obtained from the New Jersey Blood Center (East Orange, NJ). Peripheral blood mononuclear cells were harvested by Ficoll-Paque separation; monocytes were isolated by adherence, as previously described [@pone.0074082-Manca2]. Cells were cultured at 3×10^5^ per well in 24-well tissue culture plates (Corning Inc., Corning, NY) for 24 hours in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% human AB serum (Gemini Bioproducts, Calabasas, CA). Adherent monocytes isolated from independent donors were treated with PZA at selected concentrations, and simultaneously infected with Mtb at a multiplicity of infection (MOI) of 1∶1 (bacteria: monocytes). Control groups included the following conditions: monocytes cultured in media alone, PZA-treated, Mtb-infected, or TLR-stimulated cells. Determination of the bacillary growth by CFU assay was performed by disrupting the cells by probe sonication and plating serial dilutions in Middlebrook 7H10 agar plates (Becton Dickinson, Sparks, MD) [@pone.0074082-Sinsimer2]. The effect of PZA on cell viability was evaluated by trypan blue exclusion assay (Life technologies).

Detection of secreted cytokines by Luminex assay {#s2e}
------------------------------------------------

Supernatants from cultured adherent monocytes were harvested at 24 hours post-treatment, filtered (0.22 µm) and frozen at --80°C for batch analysis. Levels of tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), IL-6, monocyte chemotactic protein-1 (MCP-1), and IL-1 receptor antagonist (IL-1Ra), released into the supernatant were determined by probing culture supernatants with a multiplex human Luminex panel (Bio-Rad, Hercules, CA), according to the manufacturer's instructions. Data were analyzed using BioPlex™ 200 (Bio-Rad, Hercules, CA). Results were obtained from 4 to 7 independent experiments (4 to 7 independent donors) performed in duplicate. Statistical analysis was done using GraphPad Prism 4 software (GraphPad). To accommodate donor-to-donor variation, cytokine/chemokine induction values are expressed as a percentage of induction relative to the same donor cells exposed to the same condition without PZA treatment. A *P* value ≤ 0.05 is considered statistically significant.

Mouse infection, drug treatment and CFU enumeration {#s2f}
---------------------------------------------------

Mice were infected with CDC1551 as described previously [@pone.0074082-Koo1]. In brief, 8--10 week--old, female B6D2F1 mice (Jackson Laboratory, Bar Harbor, ME) were infected with low-dose CDC1551 using an aerosol exposure system (In-Tox Products, Moriarty, NM). The mouse lung bacillary load at three hours post-infection (T = 0) was approximately 2.5 log~10~. Starting on day 14 post-infection, a group of infected animals (n = 2--4 per time point) were treated with PZA (150 mg/kg) 5 days per week by gavage. On day 42 and 63 post-infection, groups of untreated (n = 4--6 per time point) and PZA-treated animals were euthanized by cervical dislocation and organs were harvested for CFU assay and total RNA isolation. Portion of mouse lungs (∼50% total weight) were homogenized in saline, plated on 7H11 Middlebrook agar plates and incubated at 37°C for 4 weeks to enumerate the number of CFU. A group of uninfected mice (n = 4) were included as controls.

Total RNA isolation {#s2g}
-------------------

Mouse lung total RNA was isolated from uninfected and CDC1551-infected (untreated or PZA-treated) animals at 42 and 63 days post-infection (n = 2--6 per group) using Trizol reagent as described previously [@pone.0074082-Subbian1]. Briefly, portions of mouse lungs (∼50% of total weight) were homogenized in Trizol reagent (Invitrogen, Carlsbad, CA), extracted with bromo-chloro-propane (BCP) and total RNA was purified using RNeasy mini kit as per the manufacturer's instructions (Qiagen, Valencia, CA). The purity and integrity of the isolated RNA was assessed by Nanodrop equipment (Nanodrop Instruments, Wilmington, DE).

Microarray analysis {#s2h}
-------------------

Lung total RNA from all study mice isolated at 42 and 63 days was used in the microarray experiments as mentioned earlier [@pone.0074082-Koo1]. RNA samples from each group of mice at 42 and 63 days (n = 2--6 per group) were processed separately for microarray. The comparator groups to identify gene expression changes at each experimental time point are: a) Mtb-infected versus uninfected and b) PZA-treated versus untreated; all mice in the later group were infected by CDC1551. The global gene expression analysis was performed using Genechip Mouse Gene ST 2.0 arrays according to the instructions of the manufacturer (Affymetrix, Santa Clara, CA). Intensity measurement from 35,240 probes was normalized using the Robust Multi-array Average (RMA) method and the filtered expression (CEL) files were analyzed using Partek Genomic Suite software (Partek Inc., St. Louis, MO). We used two-way ANOVA to analyze the background-corrected raw data. Significantly differentially expressed genes (SDEG) were selected based on uncorrected p value of \< 0.05. The list of SDEG specific to Mtb infection (relative to uninfected) or PZA treatment (relative to untreated) were further interrogated for networks and pathways using Ingenuity Pathway Analysis software (IPA, Redwood city, CA). The microarray data has been submitted to the GEO database (accession number GSE48027).

Quantitative real time PCR (qPCR) {#s2i}
---------------------------------

The lung total RNA from uninfected, Mtb-infected and PZA-treated or untreated mice at 42 and 63 days post-infection was used in the qPCR experiments as described earlier [@pone.0074082-Koo2]. For the uninfected (n = 4) and Mtb-infected (n = 4--6) groups, the RNA was pooled before qPCR. For the PZA-treated group, the RNA from individual mice was processed separately. Reverse transcription of total lung RNA (1 µg) to cDNA was performed using AffinityScript cDNA synthesis kit, according to the manufacturer's protocol (Agilent Technologies, Santa Clara, CA). The cDNA was amplified using Brilliant SYBR Green QPCR Master Mix, according to the manufacturer in a Stratagene Mx3005p instrument (Agilent Technologies, La Jolla, CA). ROX, an inert internal reference dye, was included in all the reactions. The oligonucleotide primers specific to mouse genes of interest were obtained from PrimerBank (www. primerbank.org). The house-keeping, glyceraldehyde-3-phosphate dehydrogenase (*gapdh*) gene was always run in parallel with the target genes and their expression levels were used for normalization. The qPCR data analysis and threshold cycle (Ct) calculations were done using MxPro software (Agilent Technologies, La Jolla, CA) and the fold-change in gene expression was obtained using the formula 2^−ΔΔCt^ (ΔC~t~ is the difference in Ct between the target gene and *GAPDH*; ΔΔCt is the difference between the infected and uninfected or between PZA treated and untreated samples). The qPCR experiment was repeated at least 3 times.

Results {#s3}
=======

Effect of PZA on Cytokine and Chemokine Release from Mtb-infected Human Monocytes {#s3a}
---------------------------------------------------------------------------------

In adults the peak serum concentrations associated with the standard dose of PZA treatment have been reported to be in the range of 20 to 50 µg/ml [@pone.0074082-Peloquin1]--[@pone.0074082-Um1]. However, much higher concentrations (431+/-- 220 µg/ml) have been observed in the pulmonary epithelial lining fluid [@pone.0074082-Conte1]. To determine an appropriate dose of PZA for use in our experiments, we cultured adherent monocytes in vitro in the presence of PZA at concentrations of 10, 20, 100, 200, and 400 µg/ml and determined their viability after 24 hours as measured by trypan blue exclusion. Exposure of human monocytes to concentrations of PZA up to 100 µg/ml resulted in monocyte viability of 97% or better. At higher concentrations, \>10% cell mortality was observed. Treatment of monocytes with PZA alone at 10 and 50 µg/ml induced negligible levels (pg/ml) of inflammatory mediators that were comparable to those from cells cultured in media alone. Thus, at these concentrations, PZA alone did not exert significant stimulatory or inhibitory effects on cytokine release by cultured monocytes ([Figure 1](#pone-0074082-g001){ref-type="fig"}, Supplementary [Figure S1](#pone.0074082.s001){ref-type="supplementary-material"}). All subsequent studies were carried out using PZA concentrations of 10 and 50µg/ml. The cytokines measured in the culture supernatants were selected from the panel of cytokines that displayed striking fluctuations in their concentration levels in our previous TB patient study when the anti-mycobacterial treatment shifted from the intensive four-drug phase to the continuation phase [@pone.0074082-Riou1]. When monocytes were infected with Mtb, followed by immediate treatment with PZA at 10 or 50 µg/ml, dose-dependent reductions in the levels of pro-inflammatory molecules TNF-α, IL-6, IL-1β and MCP-1, relative to infection alone, were observed ([Figure 1](#pone-0074082-g001){ref-type="fig"}). While the total amount (pg/ml) of pro-inflammatory mediators released was donor-dependent, the percentage of cytokine produced relative to PZA-untreated Mtb-infected monocytes was consistent among donors and independent of the Mtb strain used. Levels of IL-1Ra were unaffected by PZA treatment and comparable to those induced by Mtb infection alone indicating that the effect of PZA was selective for specific pro-inflammatory cytokines/chemokines (Supplementary [Figure S1](#pone.0074082.s001){ref-type="supplementary-material"}). Since no difference in CFU was observed between Mtb-infected cells treated with PZA and Mtb-infected cells left untreated the observed reduction in the levels of pro-inflammatory cytokines/chemokines was not attributable to changes in the bacterial load ([Table 1](#pone-0074082-t001){ref-type="table"}). The CFU data were in agreement with previous reports suggesting that PZA does not have antimicrobial activity against Mtb in cultured human and mouse cells [@pone.0074082-Heifets1]--[@pone.0074082-Rastogi1].

![PZA effect on the release of pro-inflammatory cytokines.\
Human monocytes treated with PZA (10 or 50 µg/ml) and simultaneously infected with Mtb strain CDC1551 or HN878. Pro-inflammatory mediators were measured in culture supernatants at 24 hours post-infection. Data are from seven independent experiments (independent donors; N = 7) performed in duplicate, and presented as percentage induction relative to PZA-untreated Mtb-infected cells ± SD. \* statistically significant; *P*≤0.05 compared with PZA-untreated Mtb-infected cells.](pone.0074082.g001){#pone-0074082-g001}

10.1371/journal.pone.0074082.t001

###### Effect of PZA on the growth of CDC1551 and HN878 in human monocytes.

![](pone.0074082.t001){#pone-0074082-t001-1}

                              Colony Forming Units (CFU) [\*](#nt101){ref-type="table-fn"}  
  -------------------------- -------------------------------------------------------------- ---------
  CDC1551                                               3.3±1.3                              3.0±1.7
  CDC1551 + PZA (10 µg/ml)                              3.3±1.3                              3.0±1.9
  CDC1551 + PZA (50 µg/ml)                              3.3±1.3                              3.0±1.7
  HN878                                                 2.3±0.4                              3.0±0.3
  HN878 + PZA (10 µg/ml)                                2.3±0.4                              2.9±0.3
  HN878 + PZA (50 µg/ml)                                2.3±0.4                              3.1±0.3

CFU**×**10^5^ ± SD**.**

Effect of PZA on Cytokine Release by Human Monocytes Stimulated with Selected TLR Agonists {#s3b}
------------------------------------------------------------------------------------------

To confirm that PZA can affect cytokine/chemokine production by monocytes independent of changes in the Mtb bacillary load monocytes were stimulated with TLR agonists and the impact of simultaneous treatment with PZA on the release of specific cytokines/chemokines was evaluated and found to differ among the agonists. When LPS (TLR4 agonist) was used to stimulate monocytes, PZA treatment showed a concentration-dependent inhibitory effect in the release of all four pro-inflammatory mediators tested, and did not alter the release of IL-1Ra, a known IL-1β inhibitor, in Mtb-infected cells ([Figure 2A](#pone-0074082-g002){ref-type="fig"}). Our observation that the levels of IL-1Ra were unaffected by PZA treatment suggested that the reduction in the levels of IL-1β was not IL-1Ra-dependent. When PZA-treated cells were simultaneously stimulated with Pam2CSK4 (TLR2/6) or Pam3CSK4 (TLR2/1) agonists and PZA, concentration-dependent inhibition was seen only for IL-1β or MCP-1, respectively ([Figure 2B](#pone-0074082-g002){ref-type="fig"}). Thus, the TLR stimulation data confirmed that PZA affected monocyte cytokine/chemokine production independently of Mtb infection or Mtb bacillary load in the monocytes.

![PZA effect on monocytes stimulated with selected TLR agonists\
. Human monocytes treated with PZA (10 or 50 µg/ml) were simultaneously stimulated with (A) TLR4 (LPS, 100 ng/ml) or (B) TLR2/6 (Pam2, 250 ng/ml) and TLR2/1 (Pam3, 250 ng/ml) agonists. Pro-inflammatory and down-regulatory mediators were measured in the culture supernatants at 24 hours post-stimulation. Data are from 4 -- 7 independent experiments (independent donors; N =  4 -- 7) performed in duplicate and presented as percentage induction relative to PZA-untreated TLR-stimulated cells ± SD. \* statistically significant; *P* ≤ 0.05 compared with the PZA-untreated TLR-stimulated cells.](pone.0074082.g002){#pone-0074082-g002}

Effect of PZA Treatment on the Lung Transcriptome of Mtb-Infected Mice {#s3c}
----------------------------------------------------------------------

To extend our in vitro findings, we treated Mtb-infected mice with PZA and analyzed the changes in global gene expression profiles in the lungs at 42 and 63 days post-infection ([Figure 3](#pone-0074082-g003){ref-type="fig"}). Both untreated and PZA-treated mice had similar initial numbers of lung bacilli ([Figure 3A](#pone-0074082-g003){ref-type="fig"}). PZA treatment was started on day 14 post-infection as previously described [@pone.0074082-Ibrahim1], [@pone.0074082-Almeida1]. Compared to untreated mice, lung CFU counts in the PZA-treated animals were not significantly different at 28 and 63 days. However, a moderate and transient reduction in CFU was noted in the PZA-treated mice at 42 days ([Figure 3A](#pone-0074082-g003){ref-type="fig"}). To determine the changes in host gene expression profile in the PZA-treated mice, we performed microarray analysis using total lung RNA from PZA-treated mice at 42 and 63 days and compared them to the untreated counterpart ([Figure 3B and 3C](#pone-0074082-g003){ref-type="fig"}). Relative to the uninfected animals, 7,788 and 15,898 genes were significantly differentially expressed (SDEG; \<0.05) in the Mtb-infected mouse lungs at 42 and 63 days, respectively. Of these, about 53% (4,100 genes) and 90% (14,243genes) were up regulated in the Mtb-infected, relative to the uninfected mice at 42 and 63 days, respectively. There were 5,852 SDEG commonly regulated between 42 and 63 days, in the Mtb-infected, relative to uninfected mice. In the PZA-treated animals, expression of 6,605 and 8,035 SDEGs was perturbed at 42 and 63 days, respectively, compared to untreated mice ([Figure 3C](#pone-0074082-g003){ref-type="fig"}). Among the SDEG, 3,169 at 42 days and 6,078 at 63 days were commonly regulated between the untreated and PZA-treated mice. Of these SDEG, 67.3% and 65% were down regulated in the lungs of PZA-treated, relative to the untreated, mice at 42 and 63 days, respectively ([Figure 3B](#pone-0074082-g003){ref-type="fig"}). There were 4,206 SDEG commonly regulated in the PZA-treated, relative to untreated, mice between 42 and 63 days.

![Bacillary load and genome-wide transcriptional analysis of untreated or PZA-treated Mtb-infected mouse lungs.\
(A). Lung bacillary load in the untreated or PZA-treated Mtb-infected mice (CFU). Statistical analysis between Mtb-infected mice PZA-treated and untreated showed a *P* = 0.0107 at 42 days and *P* = 0.0825 at 63 days post-infection. (B). Intensity map of SDEG in the untreated and PZA-treated Mtb-infected mouse lungs at 42 and 63 days. The scale bar ranges from +3 (up-regulated; red) to -3 (down-regulated; blue). (C). Venn diagram showing the number of SDEG shared between untreated and PZA-treated Mtb-infected mouse lungs at 42 and 63 days. The total number of SDEG in each group is shown in parenthesis.](pone.0074082.g003){#pone-0074082-g003}

Confirmation of Microarray Data by qPCR {#s3d}
---------------------------------------

The qPCR experiments were done using the total RNA isolated from the lungs of uninfected, Mtb-infected and PZA-treated infected mice. We selected 13 mouse genes for qPCR to confirm the direction and level of expression observed in the microarray experiments. The qPCR results for the selected genes were consistent with the direction of expression observed by microarray experiments ([Table 2](#pone-0074082-t002){ref-type="table"}). However, due to the differences in the sensitivity of detection, the absolute expression levels were different between the qPCR and microarray assays. These observations, at the gene expression level, showing that PZA reduced *il1β*, *il6* and *tnfα* support the results seen in vitro in Mtb-infected monocytes at the protein level.

10.1371/journal.pone.0074082.t002

###### Expression of selected mouse genes determined by qPCR and microarray.

![](pone.0074082.t002){#pone-0074082-t002-2}

                42 dpi                                     63 dpi                          
  ---------- ------------- ------ ------------ -------- ------------- ------- ------------ --------
  *tnfα*        3.4±1.4     2.5     1.7±1.34     --2      11.8±7.8     11.3    --1.4±0.2    --1.83
  *cd14*      47\. 2±14.5   1.5    --7.7±1.2    --1.86    33.7±14.8     6.5    --3.2±0.1    --2.1
  *cxcl10*     91.9±8.5      25    --18.9±9.0    --2      30.8±14.6    51.7    --5.0±1.2    --2.14
  *ifnγ*       137.1±92     2.2    --14.9±4.9   --2.4      7.1±6.4     16.1    --3.5±1.5    --3.4
  *cxcl9*     671.5±160.1   32.4   --4.7±0.3    --1.6    474.2±154.1   180.9   --4.5±0.5    --1.81
  *il6*         6.6±2.0     1.2    --3.2±0.5    --1.8      4.7±1.2      5.6    --1.3±0.2    --2.1
  *il1β*        9.7±3.0      3     --7.8±2.7    --2.6     17.2±5.1     14.84   --10.1±2.1   --3.07
  *saa3*       54.8±4.8     15.3   --7.5±0.8    --2.13    20.8±5.1     59.9    --7.6±1.6     --3
  *ccl2*        7.3±0.6      2     --3.5 ±0.2   --2.4     16.5±1.5     10.1    --6.9±1.1    --2.3
  *ly6A*        3.2±0.4     1.9    --15.0±1.2     nd       1.0±0.3      nd     --5.3±0.3    --1.32
  *tlr9*       17.3±4.0     1.6    --1.9±0.2      nd     112.0±38.9    8.86    --10.1±0.1     nd
  *gpd2*        1.9±0.4     1.4        nd       --1.2      1.5±0.2     2.89        nd         nd
  *fasn*        6.5±0.9     1.5        nd         nd       4.5±1.2      1.9        nd         nd
  *mmp2*        3.9±0.5     1.2     1.1±0.3      1.29      2.5±0.3      3.2        nd       --1.7

qPCR values are average +/-- standard error from at least 3 independent experiments; nd-not detected.

Effect of PZA Treatment on the Expression of Selected Pro-Inflammatory Network Genes in Mtb-Infected Mouse Lungs {#s3e}
----------------------------------------------------------------------------------------------------------------

We next interrogated the untreated and PZA-treated infected mouse lung microarray data to determine the expression of selected pro-inflammatory network genes regulated by *il1β*, *il6*, *tnfα* and *mcp1* at 42 and 63 days ([Table 3](#pone-0074082-t003){ref-type="table"}). The target genes in these networks are either directly or indirectly regulating and/or regulated by the central regulator genes (i.e., *il1β*, *il6*, *tnfα* and *mcp1*).

10.1371/journal.pone.0074082.t003

###### Number of mouse genes in the selected pro-inflammatory networks.

![](pone.0074082.t003){#pone-0074082-t003-3}

                   42 days                     63 days                               
  --------- ----- --------- ----- ----- ----- --------- ----- ---- ----- ----- ----- -----
  *IL-1β*    503     381     122   51    282     170     346   31   126   58    274   171
  *IL-6*     568     448     120   57    339     172     414   25   129   63    318   187
  *TNF-α*    894     663     231   108   465     321     614   56   225   115   457   322
  *MCP-1*    158     119     39    17    91      50      104   11   43    17    87    54

not significant.

As shown in [Table 3](#pone-0074082-t003){ref-type="table"}, higher numbers of genes in the IL-1β, IL-6, TNF-α and MCP-1 networks were significantly up-regulated in the lungs of Mtb-infected, relative to the uninfected mice, at both 42 and 63 days. However, some of the network genes differentially expressed in the untreated mice at 42 days were either not expressed or had insignificant levels of expression at 63 days ([Table 3](#pone-0074082-t003){ref-type="table"}). Importantly, most of the Mtb-infection induced IL-1β, IL-6, TNF-α and MCP-1 network genes were down regulated by PZA-treatment at both 42 and 63 days, while only 8--10% of these pro-inflammatory network genes were up-regulated, in all the four pro-inflammatory networks at both time points. The list of genes in each of the tested pro-inflammatory networks and their level of expression are presented in Supplementary [Table S1](#pone.0074082.s006){ref-type="supplementary-material"} and Supplementary [Figure S2](#pone.0074082.s002){ref-type="supplementary-material"}. Taken together, consistent with our in vitro findings, PZA-treatment significantly dampened the expression of many of the pro-inflammatory network genes in Mtb-infected mouse lungs that are regulated by IL-1β, IL-6, TNF-α and MCP-1.

Effect of PZA Treatment on the Expression of Lung Inflammatory Response Network Genes in Mtb-Infected Mice {#s3f}
----------------------------------------------------------------------------------------------------------

Since PZA-treatment of Mtb-infected human primary cells and mouse lungs reduced IL-1β, IL-6, TNF-α and MCP-1 at the protein and gene transcription levels, respectively, we hypothesized that PZA-treatment reduce general lung inflammation in Mtb-infected mice. To address the effect of PZA treatment on the lung inflammation, we analyzed the level and pattern of expression of inflammatory response network genes in mouse lungs at 42 and 63 days and compared to the untreated counterpart ([Figure 4](#pone-0074082-g004){ref-type="fig"}). A total of 28 SDEG were involved in the inflammatory response network. These genes encode transcriptional regulators (*stat1*, *irf1*, *spi1* and *hif1a*), cytokines and chemokines (*cxcl10*, *ccl5* and *hk2*), enzymes (*slfn13*, *herc6*, *paics*, *trim21* and *pnp*) and membrane receptors (*tlr4*, *cd40*, *b2m*, *hlab* and *ccr2*). All of these SDEG at 42 days and 23 out of 28 SDEGs at 63 days were up-regulated in the lungs of untreated infected mice ([Figure 4B](#pone-0074082-g004){ref-type="fig"}). In contrast, 20 and 21 out of 28 SDEGs in the inflammatory network genes were significantly down-regulated in the PZA-treated, relative to untreated, infected lungs at 42 and 63 days, respectively. The expression levels of *snrpg* was similar between untreated and PZA-treated, while 7 and 5 out of 28 SDEGs were either not expressed or had insignificant levels in the PZA-treated mouse lungs at 42 and 63 days, respectively ([Figure 4B](#pone-0074082-g004){ref-type="fig"}).

![Expression of lung inflammatory response network genes in the untreated or PZA-treated mice.\
(A). Interaction of genes involved in the host inflammatory response network in the untreated Mtb-infected mouse lungs at 42 days. Red and green symbols in the networks indicate up-, and down-regulated SDEG and the gradation in the color intensity of symbols is proportional to their relative expression levels. (B). Intensity map of 28 SDEG in the untreated and PZA-treated Mtb-infected mouse lungs at 42 and 63 days. The scale bar ranges from +3 (up-regulated; red) to --3 (down-regulated; blue).](pone.0074082.g004){#pone-0074082-g004}

Effect of PZA Treatment on the Expression of TLR Signaling Pathway Genes in Mtb-Infected Mouse Lungs {#s3g}
----------------------------------------------------------------------------------------------------

In our in vitro infection studies, TLR-agonists-stimulated monocytes showed differential effects on the production pro-inflammatory cytokines upon PZA treatment. To further understand the effect of PZA treatment on TLR-mediated inflammatory response, we analyzed the canonical TLR signaling pathway in the untreated versus PZA-treated mouse lungs using microarray gene expression (Supplementary [Figure S3](#pone.0074082.s003){ref-type="supplementary-material"}). Of the 24 SDEG involved in the TLR signaling, expression of 14 and 15 SDEG were up-regulated in untreated, relative to uninfected, mouse lungs at 42 and 63 days, respectively. While 3 SDEG were down-regulated at 42 days, none were down-regulated at 63days in the untreated animals. In addition, expression of 7 and 9 SDEG at 42 and 63 days, respectively, were insignificantly expressed in these animals. Importantly, compared to the untreated animals, PZA-treated mice showed down-regulation of 10 out of 24 SDEG at 42 and 63 days. At these time points, only 2 and 3 SDEG were up-regulated, while 12 and 11 were either not expressed or had insignificant expression levels in the lungs of PZA-treated mice (Supplementary [Figure S3B](#pone.0074082.s003){ref-type="supplementary-material"}). Taken together, PZA treatment significantly dampened the Mtb infection-induced TLR signaling pathway genes in the mouse lungs compared to the untreated animals.

PZA-Mediated Anti-Inflammatory Response Involves the PPAR and NF-kB Pathways {#s3h}
----------------------------------------------------------------------------

Since PZA treatment reduced the pro-inflammatory cytokine levels in human monocytes and down-regulated the expression of many genes involved in inflammatory response network and TLR signaling in mouse lungs, we investigated the possible mechanism for the anti-inflammatory activities of PZA. We interrogated the microarray gene expression data from Mtb-infected and PZA treated or untreated mouse lungs at 42 and 63 days to identify the transcriptional regulators (TR) that are significantly differentially expressed in the PZA exposed group. Using the IPA down-stream analysis algorithm, we have identified *pparg* (Peroxisome Proliferator-Activated Receptor, Gamma) as the most significantly differentially expressed, among 36 TR with a regulation z-score value greater than 2. The IPA software uses regulation z-score algorithm to derive functional predictions for the gene expression changes in a dataset. This algorithm is designed in such a way to reduce the chance that random data points will generate significant biological function predictions. We analyzed the expression profile of genes in the PPAR canonical pathway using microarray data from Mtb-infected and PZA treated or untreated mouse lungs at 42 and 63 days post-infection ([Figure 5](#pone-0074082-g005){ref-type="fig"}). Of the 41 genes in the PPAR pathway, 16 were up-, and 3 were down-regulated in the Mtb-infected relative to uninfected mouse lungs at 42 days. The number of up-regulated SDEG increased to 29 and none of the 41 SDEGs were down-regulated at 63days. In addition, 22 and 12 genes were either not expressed or had insignificant levels at 42 and 63 days, respectively ([Figure 5B](#pone-0074082-g005){ref-type="fig"}). Compared to the untreated infected animal, PZA-treatment up-regulated a larger number of SDEG in the mouse lungs at 42 days (19 versus 16), while equal numbers of SDEG were down-regulated and only 3 were either not expressed or had insignificant levels between these two groups. However, at 63days, 10 SDEG were up-, and 12 were down-regulated, and 19 SDEG were either not expressed or had insignificant levels in the PZA-treated infected mice. In summary, while many of the Mtb-induced genes in the PPAR and in the NF-kB pathways were down-regulated by PZA-treatment, a distinct sub-set of genes (*pparg*, *ryr2*, *adrb3*, *chrm2* and *lcad*) were up-regulated in the treated infected animals at both 42 and 63days ([Figure 5B](#pone-0074082-g005){ref-type="fig"}).

![Expression of canonical PPAR and NF-kB pathway genes in the untreated or PZA-treated infected mouse lungs.\
(A). Canonical PPAR and NF-kB pathway map showing interaction of genes in the untreated Mtb-infected mouse lungs at 42 days. The legends for gene symbols are the same as in [Figure 4](#pone-0074082-g004){ref-type="fig"}. Red and green symbols in the networks indicate up-, and down-regulation of SDEG and the gradation in the color intensity of symbols is proportional to their relative expression level. (B). Intensity map of 41 SDEG involved in the PPAR and NF-kB pathways in the untreated and PZA-treated mouse lungs at 42 and 63 days. The scale bar ranges from +3 (up-regulated; red) to --3 (down-regulated; blue).](pone.0074082.g005){#pone-0074082-g005}

Discussion {#s4}
==========

In a recent study on the effect of standard DOTS therapy in TB patients we observed an association between the time of withdrawal of PZA and EMB (at the initiation of the continuation phase of TB treatment) and fluctuations in the levels of key cytokines and chemokines measured in the plasma of TB patients [@pone.0074082-Riou1] (Supplementary [Figure S4](#pone.0074082.s004){ref-type="supplementary-material"}). We hypothesized that removal of PZA and/or EMB may have contributed to the observed fluctuations. To test our hypothesis, we examined whether PZA, in addition to its well documented anti-mycobacterial properties [@pone.0074082-McCune1]--[@pone.0074082-Zhang1], also affects the host immune response during treatment of Mtb infection. We observed that PZA treatment of Mtb-infected human monocytes significantly reduces the release of pro-inflammatory cytokines and chemokines, including IL-1β, IL-6, TNF-α and MCP-1. The observed down-regulatory effect exerted by PZA on the release of these pro-inflammatory mediators was independent of bacterial killing, as no changes in the number of CFU were detected between PZA-treated and untreated Mtb-infected monocytes ([Table 1](#pone-0074082-t001){ref-type="table"}). In addition, PZA showed a similar impact on host cytokine production by monocytes stimulated with TLR4 agonist ([Figure 2A](#pone-0074082-g002){ref-type="fig"}) in the absence of bacteria. Taken together, our in vitro study indicates that the effect of PZA on monocyte cytokine production is independent of the intracellular bacillary load. In contrast, PZA treatment in mice was associated with about a one log~10~ of Mtb resulting in transient and limited differences in Mtb numbers in the lungs at 42 days ([Figure 3A](#pone-0074082-g003){ref-type="fig"}). However, PZA-mediated down-regulation of host gene expression was evident both at 42 days, when there was a significant difference in the CFU between treated and untreated mice and at 63 days, when there was not. PZA-mediated transcriptional down-regulation was observed at both 42 and 63 days post-infection, untreated animals at 63 days post-infection. This suggests that, similar to the in vitro observations, the effect of PZA on the gene expression profile observed in mouse lungs is independent of bacterial killing/load. Consistent with our in vitro observations, PZA treatment down-regulated the expression levels of genes involved in controlling the inflammatory networks, regulated by IL-1β, IL-6, TNF-α and MCP-1.

In addition, the microarray analysis of the mouse lungs revealed that PZA treatment in the context of Mtb infection significantly reduced the levels of expression of genes involved in the regulation of TLR signaling and NF-kB pathways, while up-regulating the levels of expression of genes such as *smrt* (silencing mediator for retinoid or thyroid-hormone receptors; a co-repressor for multiple transcription factor pathways), *adrb2* (adrenoceptor beta 2; a receptor involved in the activation of cyclic adenosine monophosphate; cAMP), adenylate cyclase (*ac*), and *ppar*, all known for their regulatory roles in the inflammatory process ([Figure 5](#pone-0074082-g005){ref-type="fig"}). Of particular interest is the up-regulation of *ac*, which encodes Adenylate cyclase responsible for converting adenosine triphosphate (ATP) to cAMP. Increased levels of intracellular cAMP have been reported to down-regulate the production of TNF-α as well as other pro-inflammatory mediators by inhibition of NFkB activation via the cAMP/PKA pathway [@pone.0074082-Zidek1], [@pone.0074082-Serezani1]. We have previously shown that administration of CC-3052, a phosphodiesterase-4 inhibitor (PDE4i), reduces the levels of TNF-α and other inflammatory mediators and improves antibiotic-mediated Mtb clearance in infected mice co-treated with isoniazid [@pone.0074082-Koo1]. Our present results suggest that similar to our observations with PDE4i, the contribution of PZA to TB therapy may also be derived from its modulation of inflammation via a cAMP-mediated mechanism, in addition to its direct antimicrobial activity [@pone.0074082-Souness1], [@pone.0074082-Souness2]. Furthermore, the observed anti-inflammatory activity of PZA may be associated with the previously reported inhibition of pro-inflammatory cytokines by nicotinamide, an analogue of PZA [@pone.0074082-Zhang2], [@pone.0074082-Ungerstedt1] and a potent PDE4i that has been shown to increase the intracellular levels of cAMP [@pone.0074082-Campbell1], [@pone.0074082-Shimoyama1].

Among the transcriptional regulators affected by PZA treatment of mouse lungs, *PPARG* is the most significant gene that exhibited the highest z-score. PPARs have previously been shown to regulate several genes involved predominantly in lipid metabolism, and more recently their function have been associated with PZA-mediated hepatotoxicity [@pone.0074082-Li1], [@pone.0074082-Zhang3]. Three PPAR receptor isotypes have been characterized (PPAR*α, β/δ, γ*) and associated with different disease conditions, including diabetes, cancer and rheumatoid arthritis [@pone.0074082-Yamazaki1], [@pone.0074082-Lehmann1]. PPAR-α and PPAR-γ have been implicated in the regulation of the inflammatory process [@pone.0074082-Delerive1]--[@pone.0074082-Clark1]. It has been suggested that PPAR-α may dampen inflammation by reducing NF-kB activity [@pone.0074082-Poynter1] and PPAR-γ by inhibiting the NF-kB, STAT-1 and AP-1 pathways [@pone.0074082-Ricote1], [@pone.0074082-Michalik1]. Interestingly, some of the non-steroidal anti-inflammatory drugs used in cancer therapy and in the treatment of rheumatoid arthritis and diabetes have been reported to have PPAR-α or PPAR-*γ* agonist activity [@pone.0074082-Yamazaki1], [@pone.0074082-Lehmann1] (Supplementary [Figure S5](#pone.0074082.s005){ref-type="supplementary-material"}). Our observations are supported by previous studies on the role of PPAR-γ on Mtb infection in human phagocytes, which showed a link between the PPAR-γ activation and the engagement of TLR and non-TLR pattern recognition receptors in the recognition of virulent Mtb [@pone.0074082-Rajaram1], [@pone.0074082-Mahajan1]. In addition, the study by Rajaram et al has also shown the involvement of PPAR-γ activation in the down-regulation of the pro-inflammatory mediators [@pone.0074082-Rajaram1].

Recognition of Mtb and its antigens by phagocytes via interactions with surface receptors, including the TLRs, leads to the induction of pro-inflammatory mediators such as TNF-α and MCP-1. The fact that PZA modulates the expression of genes in the TLR signaling in Mtb-infected mice and modifies the levels of downstream pro-inflammatory molecules both in vitro and in vivo supports our hypothesis that the drug, by interacting directly with the host immune response, may affect the levels of soluble immune mediators evaluated in the plasma of TB patients. Previous studies have described other host-directed effects of PZA during treatment of microbial infections. Incubation of PZA with *Leishmania major*-infected J774 cells (a murine cell line), and with primary mouse macrophages and bone marrow-derived dendritic cells, induced the up-regulation of activation markers and the release of protective cytokines, suggesting that the drug enhances the host immune response during this parasitic infection [@pone.0074082-Mendez1]. In addition, Kim et al reported that PZA anti-mycobacterial activity was associated with the activation of host cell autophagy, a cell process shown to play a role in regulation of the inflammasome [@pone.0074082-Kim1]--[@pone.0074082-Harris1]. Other antimicrobial agents have also been shown to modulate the host immune response independent of their antimicrobial activity [@pone.0074082-Ungerstedt1], [@pone.0074082-Yuhas1]--[@pone.0074082-Dalhoff1]. For example, rifamides have been reported to exert immunosuppressive properties by inhibiting NF-kB activation [@pone.0074082-Pahlevan1] and RIF has been shown to down-regulate the production of the pro-inflammatory cytokines TNF-α and IL-1β in murine macrophages infected with Mtb and in human monocytes stimulated with LPS or with heat-killed Staphylococci, respectively [@pone.0074082-Ziglam1], [@pone.0074082-Gil1]. In addition, certain quinolones have also been reported to exert anti-inflammatory effects [@pone.0074082-Dalhoff1]. Moxifloxacin, a powerful second-line anti-Mtb drug, has been shown to inhibit the production of pro-inflammatory cytokines in vitro in human monocytes and in THP1 cells [@pone.0074082-Araujo1], [@pone.0074082-Weiss1]. Moreover, this drug demonstrated a protective anti-inflammatory effect in a murine model of *Candida* pneumonia [@pone.0074082-Shalit1]. Taken together, these observations suggest that the exact nature of the therapeutic regimen used to treat each TB patient may affect the profile of biomarkers of the host immune response detected in the circulation [@pone.0074082-Riou1]. This could interfere with the utility of host biomarker patterns as a surrogate predictor of response to treatment. Thus, a better characterization and understanding of the interaction of individual antibiotics with the host immune response to Mtb infection will be required to facilitate the identification of biomarkers for clinical use in the management of TB therapy that consistently provide early indications of treatment efficacy or failure.

Supporting Information {#s5}
======================

###### 

**Effect of PZA on the release of down-regulatory mediator IL-1Ra.** Human monocytes treated with PZA (10 or 50 µg/ml) were simultaneously infected with Mtb strain CDC1551 or HN878. Culture supernatants were analyzed for IL-1Ra levels at 24 hours post-infection. Data are presented as percentage induction relative to PZA-untreated Mtb-infected cells ± SD. \* statistically significant; *P* ≤ 0.05 compared with PZA-untreated Mtb-infected cells.

(TIF)

###### 

Click here for additional data file.

###### 

**Intensity map of IL-1β, IL-6, TNF-α and MCP-1 network genes in the untreated or PZA-treated infected mouse lungs.** (A). Level of expression of SDEG regulated by IL-1β. (B). Level of expression of SDEG regulated by IL-6. (C). Level of expression of SDEG regulated by TNF-α. (D). Level of expression of SDEG regulated by MCP-1. The scale bar ranges from +3 (up-regulated; red) to -3 (down-regulated; blue).

(TIF)

###### 

Click here for additional data file.

###### 

**Expression of canonical TLR signaling pathway genes in the untreated or PZA-treated infected mouse lungs.** (A). Canonical TLR signaling pathway map showing interaction of genes in the untreated infected mouse lungs at 42 days. The legends for gene symbols are the same as in [Figure 4](#pone-0074082-g004){ref-type="fig"}. Red and green symbols in the networks indicate up-, and down-regulated SDEG and the gradation in the color intensity of symbols is proportional to their relative expression level. (B). Intensity map of 24 SDEG involved in the TLR signaling pathway in the untreated and PZA-treated mouse lungs at 42 and 63 days. The scale bar ranges from +3 (up-regulated; red) to -3 (down-regulated; blue).

(TIF)

###### 

Click here for additional data file.

###### 

**Selected cytokine/chemokine levels in the plasma of HIV infected and uninfected TB patients in response to DOTS treatment.** The horizontal bars denote the phases of antibiotic treatment (dark bar-intensive; light bar-continuation). Note that the evaluation of patient plasma cytokine/chemokine levels continues beyond the completion of DOTS (up to 79 weeks). The dotted vertical line indicates the time (in weeks) of shift in treatment from the intensive to the continuation phase. The values on x- and y- axis are in log~10~ scale.

(TIF)

###### 

Click here for additional data file.

###### 

**Therapeutic drug targets in the canonical PPAR and NF-kB pathway genes.** Canonical PPAR and NF-kB pathway map showing various therapeutic drugs and their target genes in the pathway. The legends for gene symbols are the same as in [Figure 4](#pone-0074082-g004){ref-type="fig"}. The expression values shown are from untreated mice lungs at 42 dpi. Red and green symbols in the networks indicate up-, and down-regulation of SDEG and the gradation in the color intensity of symbols is proportional to their relative expression level at 42 dpi.

(TIF)

###### 

Click here for additional data file.

###### 

**Expression levels of selected pro-inflammatory network genes** (*in Supplementary [Figure S2](#pone.0074082.s002){ref-type="supplementary-material"}*) **in the untreated or PZA-treated Mtb-infected mouse lungs**.

(XLS)

###### 

Click here for additional data file.
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